Cardiovascular disease is a major cause of morbidity and mortality throughout the world. Most cardiovascular diseases, such as ischemic heart disease and cardiomyopathy, are associated with loss of functional cardiomyocytes. Unfortunately, the heart has a limited regenerative capacity and is not able to replace these cardiomyocytes once lost. In recent years, stem cells have been put forward as a potential source for cardiac regeneration. Pre-clinical studies that use stem cell-derived cardiac cells show promising results. The mechanisms, though, are not well understood, results have been variable, sometimes transient in the long term, and often without a mechanistic explanation. There are still several major hurdles to be taken. Stem cell-derived cardiac cells should resemble original cardiac cell types and be able to integrate in the damaged heart. Integration requires administration of stem cell-derived cardiac cells at the right time using the right mode of delivery. Once delivered, transplanted cells need vascularization, electrophysiological coupling with the injured heart, and prevention of immunological rejection. Finally, stem cell therapy needs to be safe, reproducible, and affordable. In this review, we will give an introduction to the principles of stem cell based cardiac repair.
Introduction
Repairing the injured body with its own tissue as a substrate has captured human fascination for a long time. In Greek mythology, the Lernaean Hydra was a serpent-like creature with multiple heads that regenerated each time they were cut off and Prometheus, a titan punished by Zeus for stealing fire, had a liver that was able to regenerate each night after it was eaten by an eagle. In 1740, Abraham Tembley discovered that microscopic, freshwater animals had the ability to regenerate their head after amputation, later followed by others who discovered that amphibians have the ability to regenerate their tails, limbs, jaws, and eyes. [1, ] 2 It took scientists until 1933 before they discovered that some human organs, such as the liver, also have the ability to regenerate.
Regenerative therapies are of major interest in cardiovascular medicine. Most cardiovascular diseases, including ischemic heart disease and cardiomyopathy, are associated with loss of functional cardiomyocytes and in other diseases, such as sick sinus syndrome, specific cardiac cell properties are missing. Unlike the Lernaean Hydra or the human liver, the heart does not have the ability to regenerate itself spontaneously once damaged. Cardiomyocytes are terminally differentiated and have a limited proliferative capacity. Lost cardiomyocytes are replaced by fibroblasts and connective tissue with the remaining cardiomyocytes becoming hypertrophic, which may eventually lead to heart failure. On the contrary, stem cells proliferate indefinitely and can be directed to differentiate into specialized cell types such as cardiomyocytes. The goal of stem cell-based regenerative medicine in cardiovascular disease, therefore, is to create healthy, functional cardiac cells that are able to integrate in the injured heart and restore its function.
In the past decades, several stem cell types have been discovered. These stem cells can be subdivided based on their differentiation capacity. Pluripotent stem cells, such as embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs), are able to differentiate into all three embry-onic germ layers, whereas multipotent stem cells can differentiate into a number of closely related cell types of a single embryonic germ layer. Cardiomyocytes were derived from several stem cell sources ( Figure 1 ). Other types of stem cells do not differentiate into cardiomyocytes themselves, but support cardiac repair by different mechanisms (Table 1) . In this review, we will refer to all stem cell-derived cardiomyocytes and differentiated cell types enriched for cardiomyocytes as stem cell-derived cardiomyocytes (SCD-CMs), while we will refer to non-cardiomyocyte derivatives (such as vascular cells) as stem cell-derived cardiac support cells (SCD-CSCs).
In this review, we will give an introduction to the principles of stem cell-based cardiac repair. Our aim is to give a concise up-to date overview of the therapeutic possibilities of stem cells for cardiac injury. First, we describe general requirements for stem cell therapy. After that, we will discuss in more detail the different stem cell sources and their therapeutic effects, since these vary for each cell type.
Requirements for stem cell therapy
In order to be suitable for cardiac repair, stem cell-derived cardiac cells should resemble the original cardiac cell types and be able to integrate in the damaged heart. Integration requires administration of stem cell-derived cardiac Figure 1 . Summary of stem cells used for cardiac repair. BMC: bone marrow-derived cell; CSC: cardiac stem cell; CSC-CM: cardiac stem cell-derived cardiomyocyte; DR-CM: cardiomyocyte derived by direct reprogramming; ESC: embryonic stem cell; ESC-CM: embryonic stem cell-derived cardiomyocyte; iPSC: induced pluripotent stem cell; iPSC-CM: induced pluripotent stem cell-derived cardiomyocyte; MSC: mesenchymal stem cell. 
Cell type
Appropriate cardiac function requires well-timed, successive contraction of different parts of the heart. These contractions are orchestrated by the cardiac electrical system, which consists of the sinoatrial (SA) node, the atria, the atrioventricular node, the His-Purkinje system, and the ventricles. Each part of the system has a different expression of ion channels, and thus a specific electrophysiological phenotype according to its function in the electrical system.
[ ] 4
Regeneration therapy of the SA-node, therefore, requires SCD-CMs with a different cell mixture, contractile function, and ion channel profile compared to regeneration therapy of the ventricles.
Grafted cells should preferably possess characteristics similar to the original cells they replace. Purification methods to remove unwanted cell types from the SCD-CMs population have been developed and the electrophysiological phenotype of SCD-CMs can be determined, although none of the clinically suitable methods to purify cells has been shown to be reproducible, efficient and safe.
[ , ] 8 9 In addition, there is no method to select SCD-CMs with a specific electrophysiological phenotype. Development of such methods will increase standardization of SCD-CMs and enable selection of SCD-CMs that have properties similar to original cardiac cells.
Mode of delivery
Although paracrine factor release from the transplanted SCD-CMs and SCD-CSCs is beneficial even if the donor cells do not survive on the long term, the ultimate success of regeneration by SCD-CMs transplantation depends on integration of the donor cells in the injured myocardium. Pre-clinical studies show that survival of transplanted SCD-CMs in the damaged myocardium is poor. The first and most commonly used method is injection, which can be targeted at different locations. Injection in the center of the injured myocardium has the advantage that damage is most severe so the potential benefit of therapy is maximal. On the other hand, in the border zone of the injured heart, perfusion is still possible and signals of viable cardiac tissue in the proximity may be useful for survival, differentiation, and integration. This assumption is supported by the finding that after myocardial infarction (MI), a limited number of new myocytes is present in the border zone but not in the infarcted tissue itself.
[ ] 12 Intramyocardial injection can be performed from the epicardial side of the heart by surgical injection, or from the inside (transendocardially) with guidance using a NOGA system).
[ ] 13 A third option is intravascular injection.
[ ]
14-16 Intravenous injection
is simple and has a low risk of mechanical damage by the injection, but requires adequate homing to the site of injury in the heart. Injection in one of the cardiac vessels (coronary arteries, veins or sinus) has the advantage that therapy can be combined with percutaneous coronary interventions (PCI), a therapy commonly used by intervention cardiologists during acute MI. The application of biomaterials is a novel method to transplant SCD-CMs. Biomaterial application is based on the concept that in order to survive, transplanted cells require a biochemical and biophysical environment comparable to extracellular matrix in healthy myocardium. Extracellular matrix in cardiovascular disease plays a role in angiogenesis, differentiation and maturation of stem cells and mechanical and electrical engraftment of transplanted cells.
[ ] 17 The goal of biomaterials, therefore, is to substitute healthy extracellular matrix to enable integration of SCD-CMs. In addition, biomaterials themselves also show beneficial effects, although mostly temporarily.
[ ] In order to be used for regenerative therapy, biomaterials need to have mechanical properties like the cardiac extracellular matrix and be able to continuously and slowly send signals needed for integration, proliferation, and differentiation.
[ ] 25 They need to be biodegradable in non-toxic metabolites after a period long enough to enable proper integration and the viscosity needs to be low enough to be transplanted and to permit migration, but high enough to prevent mechanical removal of the SCD-CMs. Especially in the area of signaling, significant progress has been made over the past few years. 
Time of delivery
Regeneration therapy can be applied during several stages of cardiovascular disease. After MI, fast delivery of SCD-CMs has the advantage that remodeling, characterized by fibrosis and hypertrophy, has not yet developed and that regulatory mechanisms leading to these conditions can be altered. Anti-apoptotic, immune-modulatory, and pro-angiogenic effects of SCD-CMs can therefore be used immediately after MI.
[ ] 29 On the contrary, ischemic and inflammatory conditions directly after MI do not favor cell survival, cell integration, and immunologic tolerance. For actual tissue regeneration, strategies also including delivery at a later time-point might therefore achieve better results.
Vascularization
Oxygenation via vascularization is essential for the survival of cardiac tissues; both acute and chronic ischemia are associated with cardiovascular disease. After MI, ischemia induces pathophysiological mechanisms leading to cell death or hibernation and fibrosis, and termination of ischemia is believed to be the most important therapy after MI.
[ ] 30
In regenerative therapy, vascularization is both a prerequisite and a goal. Cardiomyocytes have a high oxygen demand and in order for SCD-CMs to survive and integrate sufficient oxygen and nutrient supply via blood vessels is required. Several strategies have been developed to promote blood vessel formation. This can be achieved by the formation of new blood vessels (vasculogenesis) and by extension of existing blood vessels (angiogenesis). Co-culture and co-transplantation of SCD-CMs with cardiac support cells, such as endothelial cells and fibroblasts, improves in vivo vascularization and cell survival.
[ , ] 31 32 In addition, paracrine factors secreted from the SCD-CMs themselves can enhance neovascularization.
[ , ]
17 33 Biomaterials designed with geometries that promote angiogenesis and vasculogenesis, or addition of angiogenic and vasculogenic growth factors and proteins to biomaterials were also developed to stimulate vascularization.
[ ] 34-36
Immunological reaction
Transplantation of genetically unrelated tissues usually results in foreign antigen recognition by T-lymphocytes, immune system activation and in most cases, graft rejection. Most in vivo experiments with SCD-CM use immunosuppressed animal models.
[ ] 37 Before the use of SCD-CMs can become clinically applicable, however, the issue of graft rejection needs to be dealt with.
Generally, there are four strategies to prevent immune rejection. The graft and host can be genetically matched; the immune system can be adapted to tolerate the graft; the graft can be adapted to remain undetected by the immune system; or the immune system can be suppressed. SCD-CMs can be created using the host as a substrate. Adult stem cells and multipotent progenitor cells, but also induced pluripotent stem (iPS) cells, differentiated somatic cells that have been genetically reprogramed to resemble embryonic stem cells, can be derived from the host. From these stem cells, SCD-CMs can be developed that are genetically identical to the host. Alternatively, genetically matched stem cells from stem cell banks can be used.
[ ] 38 Syngeneity of graft and host prevents detection and rejection of transplanted SCD-CMs by the host's immune system, although it has been suggested that altering and reprogramming might enhance immunogenicity, even of autologous cells.
[ ] 39 A second strategy to prevent immune rejection is tolerization. Immune tolerance is regulated by the acquired immune system, in which regulatory T cells play a central role. Some tissues that are not genetically identical to the host, e.g., an unborn child during pregnancy, are tolerated by the immune system of the host. Methods have been developed to induce donor-specific tolerance, for example, by preconditioning the host's immune system with tolerogenic immune cells, such as dendritic cells, before transplantation of SCD-CMs.
[ ] 40
The third method to prevent immune rejection is to create SCD-CMs that remain undetected by the immune system.
[ ] 41
Suppression of the immune system can be used in combination with all three previous strategies to further prevent immune rejection, but because of the side effects of immunosuppression, this strategy is unfavorable.
Apart from its role in graft rejection, the immune system also gained attention in regeneration therapy as a potential therapeutic target. In cardiovascular disease, the immune system plays an important role. After MI, inflammation is accountable for a large part of cardiac damage.
42-44 Stem
and progenitor cells have the ability to modulate immune responses and animal ischemia-reperfusion models suggest that these modulations have beneficial effects.
[ , ] 15 45
Complications
The use of stem cells involves the risk of tumorigenesis. Stem cells have carcinogenic properties: they have the ability to self-renew, proliferate rapidly, lack contact inhibition, and have an extended life-time due to telomerase activity.
[ ] 46
Studies show that several oncogenes that are highly expressed in teratomas are also found in ESCs.
[ ] 47 The actual risk of tumorigenesis in stem cell therapy in humans was highlighted in 2009, when a child received fetal neural stem cells as a therapy for neurodegenerative disease, but developed multifocal glioneural tumors as a complication.
[ ] 48 SCD-CMs are differentiated in vitro and therefore have a much smaller risk of tumorigenesis, but if not carefully selected, contaminating undifferentiated progenitor cells still form a risk. Appropriate cell selection is essential for primary prevention of tumorigenesis.
As secondary prevention, techniques have been developed to track and eliminate teratomas. A reporter can be added to SCD-CMs that allows tracking of transplanted SCD-CMs and selective targeting in case of teratoma formation.
[ ] 49 Alternatively, molecular probes that attach to teratoma cell surface receptors were developed for in vivo tracking of teratoma formation.
[ ] 50 Targeting of teratomas using this technique is not yet possible, but would have the advantage that it circumvents genetic modification of SCD-CMs, which can induce tumor formation by itself.
A second feared complication of cardiac regeneration therapy is the development of life-threatening arrhythmias. Transplanted SCD-CMs have a different action potential compared to host cardiomyocytes, are electrophysiologically poorly integrated in the host myocardium and in most cases display automaticity which leads to cardiac excitability and arrhythmias.
51-54 Experiments in rodent models
show an increased risk of arrhythmias after SCD-CM transplantation and data from clinical trials reports ventricular arrhythmias as one of the main complications after myoblast transplantation.
[ ] 55-57 On the contrary, some studies show that implantation of SCD-CMs prevents the occurrence of arrhythmias.
[ ] 58 The risk of arrhythmias depends on the cell type used, the mode of delivery, and the host environment.
[ ] 51 Improvement of electrophysiological integration, determination of the most suitable cell types, and improved modes of delivery are being developed in order to lower the risk of arrhythmia development.
Stem cell sources for cardiac regeneration

Pluripotent stem cells
Embryonic stem cells
Embryonic stem cells (ESCs) are pluripotent stem cells that are isolated from the inner cell mass of mammalian blastocysts. In 1981, murine embryonic stem cells were first isolated, followed by isolation of human ESCs in 1998.
[ , ] 59 60 Currently, most human ESC lines were derived from pre-implantation stage human blastocysts that were harvested for clinical use, but were no longer intended for that use and were donated after informed consent. [ ] 74 However, iPS generation methods are rapidly improving and recently it was shown that iPS cells can be created using non-integrating viruses and even without the use of viral vectors.
[ , ] 75 76 Finally, similar to ESC-CMs, there are still challenges regarding cell maturation, integration and coupling, functional cardiac improvement in the long term, and the risk of teratoma formation. Recently, novel methods were developed to directly reprogram somatic cells into cardiomyocytes.
[ ] 77-79 Using cardiac transcription factors (Gata4, Mef2c, Tbx5, with or without Hand2) fibroblasts were reprogrammed in cells that contracted spontaneously, had cardiac-specific markers and showed gene expression profiles comparable to adult cardiomyocytes. Using this technique cardiomyocytes can be created in vitro, but in vivo direct reprogramming of cardiac fibroblasts into CMs is also possible.
[ ] 80 In direct reprogramming, the creation of pluripotent cells is bypassed, which reduces the risk of teratoma formation. Side effects related to viral vectors, however, are still possible with the currently available methods.
Multipotent stem cells
Bone marrow cells
Bone marrow-derived cells (BMCs) are stem cells that can be aspirated from the patient's bone marrow and consist of several stem cell types, including hematopoietic stem cells (HSCs), mesenchymal stem cells (MSCs), and endothelial stem/progenitor cells (EPCs).
[ ] 81 They are different from previously discussed stem cell types, as they are transplanted directly without cardiomyocyte differentiation in vitro before transplantation. Some claim that BMCs have the ability to differentiate into non-hematopoietic cell types, such as the cardiac cells.
[ , ] 82 83 Others believe that stem cells found in adult organs, such as BMCs, are not truly pluripotent, but are restricted in their differentiative potential and that cardiomyocytes cannot originate from BMCs.
[ ] 84 -86 Therefore, BMCs are not considered candidates for "true" regeneration, but for the paracrine effects they might effectuate. At this moment, BMCs are the most widely used cell source for cardiac repair in clinical trials. Studies in animals and humans proved that transplantation is safe.
[ ] 87-89 A recent meta-analysis concluded that transplantation of BMCs on average improves LV function, infarct size, and remodeling, and suggests effects on clinical end points, such as mortality and morbidity.
[ ] 90 Nevertheless, most studies are small, have a relatively short follow-up period, show heterogeneous results, and some of the more recent conducted trials show no effects of BMCs.
[ ] 91-93 Powered trials with long-term and patient centered outcomes are underway, but it also seems essential to clarify the mechanisms and use these to enhance the beneficial effects of BMC therapy.
[ ] 94
Mesenchymal stem cells (MSCs)
MSCs are multipotent stem cells that can be derived from several mammalian tissues, such as bone marrow, adipose tissue, and cord blood. In normal physiology, MSCs participate in organ homeostasis, wound healing, and successful aging.
[ ] 95 They are easily isolated and cultured, do not have side-effects related to pluripotency and the use of viral vectors, are immunologically tolerated as allogeneic transplant, and have the potential to differentiate into lineages of mesenchymal tissues, including bone, cartilage, fat, tendon, muscle, and marrow stroma.
[ ] 96 Like BMCs, MSCs are generally not differentiated into cardiomyocytes before transplantation, although efforts have been undertaken to turn MSC into cardiac cells using a combination of growth factors.
[ , ] 97 98 Animal studies showed the ability of transplanted MSCs to engraft in the myocardium and to secrete paracrine factors.
[ , ] Further clinical studies will determine whether the beneficial paracrine effects of MSCs found in animal models are reproducible in humans.
Cardiac stem cells (CSCs)
For a long time, it was believed that cardiac tissue is terminally differentiated. Recently, however, resident CSCs, progenitor cells in the cardiac lineage, were found in cardiac tissue. CSCs can be isolated from fetal and adult cardiac biopsies based on expression of stem cell marker proteins, such as lsl-1, c-kit, and Sca-1. 
Clinical applicability
Results of pre-clinical studies using SCD-CMs for cardiac regeneration seem very promising. Animal studies show survival, maturation, integration, and sometimes functional coupling of SCD-CMs, and improvement of various cardiac functions, such as ejection fraction, after transplantation. However, there are reasons to be cautious. Animal models used in preclinical studies do not always translate to human physiology. In a meta-analysis of 76 positive animal studies published in leading scientific journals, only 28 studies were replicated in humans. Of these 28 studies, only 8 therapies were subsequently approved for use in patients. [ ] 110 In 2004, the NHLBI working group on the translation of therapies for protecting the heart from ischemia investigated the lack of translation of promising animal experiments into clinical practice. They concluded that numerous factors, including the use of imperfect animal models, the lack of reproducibility, standardized research protocols, randomized study design, and blinding of investigators resulted in unsuccessful translational research.
[ ] 111
In cardiac regeneration therapy specifically, ischemia in animal models is mostly achieved by coronary ligation in a healthy heart. On the contrary, cardiovascular diseases for which cardiac regeneration might be useful, such as heart failure and atherosclerosis that usually underlies a myocardial infarction, are chronic diseases in which the entire heart is affected. Non-ischemic cardiomyopathy represents yet another challenge for translational medicine as the disease seems to be based on entirely different, though often unknown, pathological mechanisms. Nevertheless, just as with ischemic cardiomyopathy, non-ischemic cardiomyopathy is characterized by a loss of functional cardiomyocytes and therefore, in theory amenable to stem cell-based repair. Pre-clinical studies using this model are scarce, although one clinical trial using BMCs has recently been reported.
[ ] 112-114 Moreover, immunodeficient animal models allow transplanted SCD-CMs to survive, but skips the important step of immunotolerance which is necessary for translation to clinical applicability of allogeneic cells. Most positive results are based on an increase in left ventricular ejection fraction, whereas results of cardiac regeneration therapy on patient-centred outcomes such as mortality and morbidity are absent. This requires longer followups.
The follow-up period in pre-clinical regeneration studies is limited to a few months maximum and the few long-term studies that were published show less positive results.
[ , ] 115 116 This finding suggests that currently the results of cardiac regeneration are not predominantly attributable to structural integration of functional cardiomyocytes, but to temporary paracrine release of anti-apoptotic, immunemodulatory, and proangiogenic factors by SCD-CMs and SCD-CSCs. Although these and other paracrine effects of SCD-CMs are promising and clinical studies aiming to use these effects are currently being performed, the ultimate goal of regenerative medicine is to use stem cells to create healthy, func-tional cardiac cells that are able to integrate in the injured heart and restore its function. Paracrine effects might reduce damage after cardiovascular disease such as MI, but are unlikely to repair the already damaged heart.
In order to clinically use stem cells for cardiac repair, more fundamental and translational research is necessary. Fundamental in vitro research, preferably using human cells (e.g., iPSC-CMs) will improve our knowledge of the mechanisms and requirements regarding differentiation of stem cells into functional cardiomyocytes, whereas translational research using appropriate animal models, long-term follow-up and relevant outcome measures, will hopefully result in clinically applicable cardiac repair.
Conclusion
Regenerative therapy using stem cells is a promising, relatively new modality for cardiac repair. Several stem cell types have been identified and investigated in pre-clinical and clinical research, generally with positive results. However, the degree of success has been variable and attributed to paracrine effects. Questions about optimal cell type, mode of delivery, time of delivery, integration in the heart, and safety have to be answered before true regeneration of cardiac tissue in patients will be possible. The field of regenerative medicine is rapidly developing and the first clinical studies are already being performed. In the meantime, many important fundamental questions are being addressed in pre-clinical research.
